The nitrogen balance of adult rat hepatocytes in primary culture was calculated from changes in the concentrations of amino acids, urea and ammonia in the medium. When cells from 3-*"* day cultures were incubated in Hanks' solution they released amino acids, whereas when they were incubated in medium containing amino acids in excess of 0.5 HIM they consumed amino * acids and formed urea. These catabolic and anabolic states of the cells were stimulated by "** glucagon and insulin, respectively. 1 Analysis showed that the relative amounts of individual amino acids released in salt solution were very similar to their relative amounts in liver proteins, except that the amounts of alanine, glutamate, aspartate, proline, and arginine released were relatively low. These amino acids were all used for gluconeogenesis, except arginine, which was converted to ornir thine. During culture in Williams' medium E, the concentrations of glutamine, alanine, glycine, arginine, and aspartate in the medium decreased greatly; those of histidine, proline, and glutamate did not change; that of ornithine increased; and those of other amino acids * decreased moderately. Glucagon markedly stimulated the consumptions of alanine, gluta-' mine, and glycine, whereas dexamethasone stimulated the uptakes of both essential and non-essential amino acids only in Williams' medium E. The uptakes of amino acids exceeded ** the amounts used for protein synthesis; the excess amounts taken up were metabolized by other pathways, such as glucose formation. * These results show that metabolism of proteins in these cells is affected by the amino '** acids and hormones present in the medium and mimics that in vivo. Thus this system should ' be useful for comprehensive studies on the control of liver proteins and amino acid metabolism.
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• The liver is the most important organ for amino free systems from liver. However, these preparaacid metabolism and this metabolism has usually tions are not satisfactory for studies on cellular ' *" been studied in perfused liver, liver slices, or cell-control mechanisms, because the cells do not show hormonal control and may be damaged, and the experimental period is limited. Recent studies have indicated that dispersed liver cells retain many liver functions (1) . Therefore, it seems more appropriate to use these cultured hepatocytes for studies on the metabolism of liver proteins. There are several reports on protein synthesis and its hormonal regulation in isolated hepatocytes (2) (3) (4) , but very few on protein degradation (5-7), and none on amino acid metabolism. In most previous studies, freshly isolated cells were used, but we found recently that freshly isolated hepatocytes show impaired functions and that they recover these functions after culture for a few days (8) .
The present paper describes studies on amino acid release and consumption by cultured liver cells in various media with or without added amino acids. It is shown that these activities are influenced by hormones and the amino acid concentration of the medim.
EXPERIMENTAL PROCEDURES
Materials-The following materials were used: insulin and glucagon (Sigma Chemical Co., St. Louis); dexamethasone (Schering AG, Berlin); Hanks' salt solution (HSS) and arginine-free Eagle's minimal essential medium (arg-free MEM) (Nissui Chemical Co., Tokyo); Williams' medium E (WE) and fetal bovine serum (Flow Laboratories, Rockville).
Cell Culture-Adult rat hepatocytes were isolated and cultured in WE containing 10% fetal bovine serum and 10~5 M dexamethasone for 3 days as reported previously (8) . Plates contained 1 x 10 5 cells/cm 2 /0.2 ml medium.
Assay of Cellular Nitrogen Balance-Cells
were cultured for 3 days, then the medium was replaced by HSS and the plates were incubated at 37°C for 30 min to exhaust endogenous substances. The cells were then washed 3 times with cold HSS and incubated under various conditions as described in " RESULTS." The incubation was stopped by addition of perchloric acid at a final concentration of 0.5 N. The resulting precipitate was dissolved in 0.1 N NaOH and protein was determined by the method of Lowry et al. (9) . The supernatant was used for assay of the concentrations of amino acids by the ninhydrin method (70), urea by the method of Geyer and Dabich (11) , and ammonia by the indophenol method (12) . The total nitrogen balance was calculated from the sum of the concentrations of these substances, assuming that 2 mol of amino acid correspond to 1 mol of urea, as reported by Seglen (5) . For studies on cellular protein turnover it is better to measure both intra-and extracellular compounds, but we measured only the profile of amino acids released into the medium, using the method of Moore and Stein with a Technicon amino acid autoanalyzer (13) . Cysteine and tryptophan were not determined in these experiments.
RESULTS

Factors Affecting Liver Protein Turnover Measured in Terms of
Nitrogen Balance-When the cells were incubated in HSS they released amino acids and produced a little urea (Fig. 1A) . When they were incubated in arg-free MEM they consumed amino acids and produced more urea (Fig. IB) . Since urea formation from arginine was too high to be included in the calculation of cellular nitrogen balance, arg-free MEM was used in these experiments. Ammonia formation was negligible in both media. Further studies showed that the effect of amino acids was concentrationdependent : the cells were in a catabolic state in the presence of concentrations of up to 0.5 mM amino acids, but at higher concentrations they became anabolic and consumed amino acids (Fig. 2) . The critical concentration of amino acids for the change was less than 20 % of the concentration in arg-free MEM. Insulin markedly stimulated anabolism of the cells in the presence of higher concentrations of amino acids, but it did not affect the critical concentration for the change from catabolism to anabolism. Glucagon inhibited anabolism of the cells with higher concentrations of amino acids.
Results on the effects of hormones showed that glucagon stimulated urea formation in both media and that insulin did not have any effect in HSS, but stimulated amino acid consumption markedly in arg-free MEM; its effect was antagonized by glucagon (Table I) . Amino Acid Patterns in Cultured Media-When hepatocytes from 3-day cultures were incubated in HSS for 20 h with or without hormones, they released various amino acids ( valine metabolism in liver is slight (14, IS), we assumed that valine released from the cells is derived entirely from liver proteins and is not metabolized at all. We therefore adjusted the scales in Fig. 3 so that the amount of valine released was equivalent to the valine content in liver proteins (16). In this way, we could compare the relative amounts of other amino acids released with their contents in liver proteins. The relative amounts of most other amino acids released corresponded closely to their relative contents in liver proteins: only the releases of alanine, glutamate, aspartate, proline, and arginine did not correspond with their concentrations in liver proteins. Arginine was undetectable but the amount of ornithine released was almost equivalent to that of arginine found in liver proteins. Glucagon decreased the releases of various amino acids, particularly alanine, glutamate, glycine, serine, and tyrosine.
WE is the most suitable medium for the maintenance of liver functions (8) and therefore, we next examined the amino acid consumption of 3-day cultured cells incubated in WE with 10% fetal bovine serum for 24 h. The concentrations of amino acids in the medium before incubation were in general similar to those already reported (17) , despite the addition of serum. The differences in the concentrations before and after incubation are shown in Fig. 4 , where the scales are adjusted so that the valine consumed corresponds to that incorporated into liver proteins. The consumptions of most amino acids, particularly glutamine, alanine, glycine, aspartate, lysine in the presence of glucagon or dexamethasone, and of arginine exceeded those required for protein synthesis. The relative consumptions of leucine, serine, threonine, histidine, and lysine in the control are in good accord with the contents found in liver proteins. The concentrations of glutamate, ornithine, and proline in the medium under certain conditions increased during culture. Glucagon markedly stimulated the consumptions of glutamine, alanine, glycine, and lysine. Dexamethasone stimulated the consumptions of leucine, valine, lysine, and tyrosine. Insulin showed little effect, except to stimulate consumption of glutamine. Glucagon markedly stimulated glucose formation from alanine, aspartate, glutamate, glutamine, and proline, but not from serine, glycine, or lysine (unpublished data).
The consumptions of some amino acids amounted to over half their contents in WE during incubation for 24 h (Table II) . Arginine disappeared completely, while the consumptions of proline, branched chain amino acids and histidine amounted to less than 10% of the amounts present in WE. 
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& The medium contained 10% fetal bovine serum.
• > Without hormone. c A plus sign indicates production, d WE has been reported to contain no ornithine (77), but our material contained 60 ptt ornithine. that the turnover rates of cellular proteins vary in different cell lines, and also in a single cell line at different growth rates (18) (19) (20) . Moreover, since liver has a greater variety of proteins than most other tissues and these proteins have different turnover rates, it is difficult to determine the dynamics of liver proteins exactly by an isotopic technique. Therefore, in order to study cellular protein turnover as a whole, we examined the amino nitrogen balance of primary cultured liver cells. Our system seems very suitable for such studies, because isolated hepatocytes that have been cultured for 3 days express various liver functions, including synthesis of serum proteins, urea formation, and hormonal responses (8) . Moreover, these mature liver cells in primary culture show no cell division, and hence results are not complicated by changes of protein metabolism due to cellular proliferation. Furthermore, the hepatocytes in this in vitro system are not affected by the complex, indirect effects encountered in in vivo systems.
From the present results we calculated that the catabolic rate in HSS is 1.2%/h 2 and the anabolic rate in arg-free MEM is 4.4 %/h. Scornik and Botbol reported from in vivo experiments that the rate of protein synthesis in rat liver is 4.8 %/h {21), and in previous work on primary cultured hepatocytes using an isotopic technique we found that it was 4.0 %/h (8) . Two papers on the degradation of liver proteins in isolated hepatocytes report turnovers of 3-4 %/h (5, 7) . These values were for freshly isolated cells in suspension and hence these cells may have been in a more catabolic state than the cultured cells in the present work. The cells used in the present work maintained a cellular protein content of 1.7 mg/10 6 cells during culture. Therefore, the calculated anabolic rate may reflect the rate of secretion of synthesized proteins. We observed in previous work that 3-day cultured hepatocytes synthesized as much intracellular protein as they secreted (8) .
In arg-free MEM, amino acid consumption was stimulated by insulin (Table I) , whereas in WE it was not affected by insulin and was stimulated by glucagon (Fig. 4) . The difference in the effects of glucagon may be due to differences in amino acid composition: besides essential amino acids, WE contains a variety of non-essential amino acids, whereas arg-free MEM contains few nonessential amino acids, and since glucagon stimulated the consumption of non-essential amino acids most, it increased the consumption in WE, but not in arg-free MEM. In contrast, the difference in the effects of insulin is inexplicable at present. Dexamethasone also stimulated the consumptions of particular amino acids. These results accord well with those obtained with perfused liver and in vivo. It has been found that amino acids inhibit the disaggregation of polysomes (22) and that insulin reduces the concentration of amino acids required for this inhibition (23) . Furthermore, both amino acids and insulin inhibit proteolysis (24, 25) . Insulin and amino acids enhanced protein synthesis and inhibited protein degradation in cultured hepatoma cells (26, 27) , whereas glucagon had the opposite effects on protein turnover in in vivo experiments (28, 29) . Dexamethasone stimulated protein synthesis in primary cultured hepatocytes (8) . It should be mentioned that dexamethasone was added to the medium during culture of the cells for 3 days before experiments in the present work, because it enhanced cell attachment and viability (8) , but its presence may have influenced the effects of various hormones during the experiments.
Nitrogen loss from the cells was reduced significantly by the presence of various energy sources, such as glucose, pyruvate, or succinate (unpublished data). This may be because these materials are better sources of cellular energy than amino acids; in fact, we showed previously that leucine oxidation in liver mitochondria was inhibited by succinate (30) . These effects are comparable to the phenomenon of the protein sparing action of carbohydrate observed in nutritional studies (31) .
Reasons for the Changes of Individual Amino Acids in Media-The pattern of amino acids found in the medium in the present work must have been determined by a) cell permeability, b) the incorporation of amino acids into proteins, c) the release of amino acids from proteins, d) decomposition of amino acids, and e) formation of amino acids.
The relative rates of transport of different amino acids probably have only a minor effect, if any, on the amino acid profile observed in the present work, because amino acid concentrations were measured after 20 or 24 h, which was presumably a sufficient time for changes in concentrations due to slow transport systems to reach equilibrium.
In WE, the activity for protein synthesis must have influenced the amino acid profile in the medium, because the cells were in an anabolic state. However, the profile seen in Fig. 4 cannot be explained entirely by the requirements for protein synthesis. The consumptions of most nonessential amino acids were all in excess of the amounts needed for protein synthesis. Moreover, essential amino acids amounted to almost 30 to 50% of the total amino acids consumed, and so although the relative consumptions of some agreed well with their amounts in liver proteins, others must have been used as energy sources as well as for protein synthesis.
On the contrary, in HSS, the release of amino acids can be explained mainly by protein degradation. The relative amounts of 12 of the 16 amino acids released were more or less similar to the amounts found in liver protein, if ornithine is assumed to be formed from arginine. The amounts of the other 4 amino acids released, alanine, aspartate, glutamate, and proline, can be explained by their gluconeogenesis (32, 33) . We found that insulin markedly stimulated lipogenesis in these cells (unpublished data) and the extent of participation of lipogenesis from amino acids in the nitrogen balance of cells requires further study.
It is interesting that lysine consumption was enhanced significantly by glucagon or dexamethasone. We found recently that the activity of lysine-a-ketoglutarate reductase [EC 1.5.1.8], a rate-limiting enzyme for lysine metabolism, was raised in the livers of diabetic rats and that the activity of this enzyme also increases rapidly in neonatal liver (34) . Thus, it seems understandable that lysine metabolism of the cells was affected by these hormones. Similarly, increased consumption of tyrosine by dexamethasone in WE is due to induction of tyrosine transaminase [EC 2.6.1.5] by this hormone (8) .
Branched chain amino acids have a unique tissue specificity of metabolism: they are mainly metabolized in muscle, not in liver (14, 15) . Therefore, in HSS the pattern of release of branched chain amino acids was very similar to that found in liver proteins and the relative consumptions of valine and leucine in WE were also comparable to their relative amounts in liver proteins. However, the high consumptions of valine and leucine in the presence of dexamethasone and of isoleucine under various conditions are inexplicable.
It was interesting to find that glutamate was actively metabolized in HSS, whereas it was released slightly in WE. This may be due to the presence of a large amount of glutamine in WE, since glutamine can be converted to glutamate by glutaminase [EC 3.5.1.2] and various amidotransferases. Crane and Miller also noted that the glutamate concentration in the medium increased (4). Our finding that proline was metabolized Vol. 86, No. 4, 1979 markedly in HSS, but not in WE, can be explained in a similar way.
In HSS, the relative release of serine exceeded its relative amount in liver proteins. If one mol of serine was formed from two mol of glycine, then the relation between glycine consumed and serine formed can be accounted for, except in glucagon treated cells. The glucagon effect on serine release cannot be explained by gluconeogenesis, because serine is not a good precursor of glucose (unpublished data). In WE, the change in serine concentration was slight, while the consumption of glycine was very high and was stimulated by glucagon. Glycine may have been partly converted to serine and partly broken down by the glycine cleavage system (35) .
These amino acid profiles observed in primary cultured hepatocytes are in general very similar to those found in experiments in vivo and in perfused liver (36) (37) (38) . On the contrary, other reports on the amino acid profiles of cultured hepatocytes are not consistent with liver specificity. Two papers stated that hepatocytes in suspension culture released branched chain amino acids (3, 4) , which indicates that the cells were still in a catabolic state. A third paper on human hepatocytes reported that the changes of amino acid concentration were very similar to those of fibroblasts and showed no specificity of liver cells (39) . Therefore, our improved system for the culture of functional hepatocytes should contribute to a better understanding of the control mechanism of protein turnover and amino acid metabolism in liver.
